Synaptic efficacy is subjected to activity-dependent changes on short-and long time scales. While short-term changes decay over minutes, long-term modifications last from hours up to a life-time and are thought to constitute the basis of learning and memory. Both plasticity mechanisms have been studied extensively but how their interaction shapes synaptic dynamics is little known. To investigate how both short-and long-term plasticity together control the induction of synaptic depression and potentiation, we used numerical simulations and mathematical analysis of a calcium-based model, where pre-and postsynaptic activity induces calcium transients driving synaptic long-term plasticity. We found that the model implementing known synaptic short-term dynamics in the calcium transients can be successfully fitted to long-term plasticity data obtained in visual-and somatosensory cortex. Interestingly, the impact of spike-timing and firing rate changes on plasticity occurs in the prevalent firing rate range, which is different in both cortical areas considered here. Our findings suggest that short-and long-term plasticity are together tuned to adapt plasticity to area-specific activity statistics such as firing rates. * current address :
Introduction
The impact of presynaptic action potentials on the postsynaptic neuron's excitability varies on multiple time-scales; successive presynaptic spikes produce short-term depression or facilitation lasting for a few minutes, while prolonged pre-and postsynaptic stimulation induce long-term plasticity. How the two interact during activity epochs remains little studied.
Experimental studies in in vitro preparations have shown that the induction of synaptic long-term potentiation (LTP) and depression (LTD) depends on (i) the firing rates of pre-and postsynaptic neurons (Dudek and Bear 1992; Sjöström et al. 2001 ) and on (ii) the precise timing of pre-and postsynaptic action potentials (Markram 1997; Magee 1997; Bi and Poo 1998; Campanac and Debanne 2008) . Studies in different brain regions have revealed a marked differences in the dependence of plasticity on spike-timing and frequency (Abbott and Nelson 2000) . Furthermore, electrical postsynaptic responses increase and/or decrease upon presynaptic stimulation in a history-dependent manner known as short-term plasticity (STP). A dynamic enhancement of the postsynaptic reponse is termed short-term facilitation and the reduction is called short-term depression (STD). While short-term facilitation has been attributed to the influx of calcium in the presynaptic terminal, short-term depression is attributed to the depletion of some pool of presynaptic vesicles (Zucker and Regehr 2002; Fioravante and Regehr 2011) . Different synapses exhibit varied forms of short-term plasticity, being either depression dominated, faciliation dominated, or displaying a mixture of both forms Dittman et al. 2000; Wang et al. 2006 ). Activity-dependent depression dominates synaptic transmission between neocortical pyramidal neurons (Thomson and Deuchars 1994) . STP has been proposed as a mechanism serving as dynamic filter for information transmission (see Abbott and Regehr 2004 for a review) . A multitude of studies have explored the impact of STP for networks and revealed a variety of computations, such that it may provide a mechanism for working-memory (Mongillo et al. 2008) , could be the foundation for interference in cognitive tasks (Kilpatrick 2018) , and can improve the mixing capabilities of generative neural networks (Leng et al. 2018) , to name a few examples. However, the role of short-term synaptic changes for long-term plasticity induction has attracted little attention.
Plasticity models of different complexities and degrees of biological realism have been developed to capture the link between one or several stimulation protocols that induce long-term plasticity. The classical spike-timing based models capture pair-based spiketime dependent plasticity (STDP; Gerstner et al. 1996; Kempter et al. 1999; Song et al. 2000) , but do not account for the firing rate-dependence of plasticity (but see Izhikevich and Desai 2003) . To account for the firing-rate dependence and non-linearities of plasticity induction, more complex models have been proposed following phenomenological and biophysical directions (see Morrison et al. 2008 and Brunel 2010 for reviews) . We here focus on a biophysically inspired model in which both pre-and postsynaptic spike-trains induce postsynaptic calcium elevations which in turn drive plastic changes (Graupner and Brunel 2012; Graupner et al. 2016) as this type of model lends itself easily to incorporate STP.
Similarly, short-term plasticity models have been proposed based on the vesicle depletion model (Liley and North 1953; see Hennig 2013 for a review). This model was later extended by release probability facilitation to account for the mixture of both facilitation and depression present at some synapses (Betz 1970; Varela et al. 1997; Markram et al. 1998; Tsodyks et al. 1998 ).
Short-term synaptic plasticity has not been considered in the complex models of longterm synaptic plasticity, even though suppression models reducing both pre-and postsynaptic spike efficacies have been proposed to describe the effects of complex spike patters on synaptic modifications (Froemke and Dan 2002; Froemke et al. 2006 ). Furthermore, the combination of short-and long-term plasticity has been suggested to limit the boundless growth of synapses without weight constraints in a spike-timing based model (Fernando and Yamada 2012) .
How do short-and long-term plasticity interact during induction protocols of synaptic long-term changes? Are the brain region and synapse specific realizations of shortand long-term plasticity mechanims related? These questions are pertinent since longterm changes are driven by calcium and calcium transients are affected by short-term dynamics. To address this, we integrate a deterministic model of short-term depression (Abbott 1997; Tsodyks and Markram 1997; Loebel 2009 ) in the calcium-based model of long-term plasticity (Graupner and Brunel 2012; Graupner et al. 2016) . The short-term dynamics parameters account for electrical responses recorded between layer V pyramidal neurons in visual-and somatosensory cortex and are applied to the calcium transients. We fit the calcium-based model including STP to synaptic plasticity data obtained in both brain-regions and we quantify the influence of spike-timing and firing rate changes on the plasticity. We find that short-and long-term plasticity parameters are tuned together such that the sensitive range of synaptic plasticity is located at different firing rate ranges, which match the prevalent firing rates in the respective cortical structures.
Materials and Methods

Calcium-based model of synaptic plasticity
We investigate the calcium-based model where the postsynaptic calcium concentration determines the temporal evolution of the synaptic weight variable, w. The postsynaptic calcium in turn is as a function of pre-and postsynaptic activity. The model is studied extensively in Graupner and Brunel (2012) and Graupner et al. (2016) .
Shortly, the postsynaptic calcium concentration drives changes in w according to
τ is the time constant of synaptic efficacy changes happening on the order of seconds to minutes. The two terms on the right-hand-side of Eq. (1) describe in a highly simplified fashion calcium-dependent signaling cascades leading to synaptic potentiation and depression, respectively. The synaptic efficacy variable tends to increase, or decrease, when the instantaneous calcium concentration, c(t), is above the potentiation θ p or the depression threshold θ d , respectively (Θ denotes the Heaviside function, Θ[c − θ] = 0 for c < θ and Θ[c − θ] = 1 for c ≥ θ). The parameter γ p (resp. γ d ) measures the rate of synaptic increase (resp. decrease) when the potentiation (resp. depression) threshold is exceeded.
Here, we consider the evolution of a population of synapses. w therefore describes the mean synaptic weight dynamics of a number of synapses forming connections between two neurons. In turn, an activity-dependent noise term appearing in earlier versions of the model (Graupner and Brunel 2012; Graupner et al. 2016) is not considered. In the absence of activity the synapse has a continuum of stable states in Eq. (1). In other words, w is stable at every value [0, 1] for c < min(θ d , θ p ).
Calcium dynamics implementing short-term synaptic depression
The postsynaptic calcium dynamics describes the compound calcium trace resulting from pre-and postsynaptic activity. While contributions from postsynaptic action potentials are assumed to remain constant, calcium increases from presynaptic activity are subject to short-term depression. Note that short-term plasticity has been measured and described with regard to the dynamics of the postsynaptic potential induced by presynaptic stimulation (e.g. Loebel 2009 ). The postsynaptic potential in turn determines the calcium influx through NMDA receptors through the magnesium block, when glutamate is present, and voltage-dependent Ca 2+ channels (Sabatini et al. 2002) . We here assume that postsynaptic voltage is directly proportional to the induced calcium amplitude and use the description of short-term plasticity dynamics in the voltage (Loebel 2009 ) for calcium.
The average dynamics of short-term synaptic depression can be captured by assuming finite resources. At the event of a presynaptic action potential, a fraction of the resources is utilized to evoke a postsynaptic response. If a subsequent presynaptic action potential arrives before all the utilized resources are recovered, the following postsynaptic response will be smaller (Loebel 2009 ). The calcium dynamics is described by
where x denotes the fraction of available presynaptic resources and c is the total calcium concentration. U determines the fraction of the resources utilized at each presynaptic spike, and τ rec is the time constant of resource recovery back to the resting state of x = 1. τ Ca is the calcium decay time constant. C pre and C post are the pre-and postsynaptically evoked calcium amplitudes, respectively. Note that an isolated presynaptic spike induces a maximal calcium transient of amplitude C pre U (since all presynaptic resources are available, i.e., x(t) = 1), and subsequent spikes induce amplitudes of C pre U x. The sums run over all pre-and postsynaptic spikes occurring at times t i and t j respectively. The time delay, D, between the presynaptic spike and the occurrence of the corresponding postsynaptic calcium transient accounts for the slow rise time of the NMDAR-mediated calcium influx. Without loss of generality, we set the resting calcium concentration to zero, and use dimensionless calcium concentrations. The parameters describing short-term depression in somatosensory cortex are U = 0.46 and τ rec = 525 ms (Loebel 2009 ). Using the same approach as described in Loebel (2009) , we adapted the short-term depression model (Eqs. (2) and (3)) to voltage traces recorded between L5 neurons of visual cortex. (Fig. 1C in Sjöström et al. 2003) . Utilizing a least squares fitting routine, we obtained U = 0.385 and τ rec = 149 ms (see Tab. 1 and Fig. 1A) .
For comparison, we also study the calcium-based plasticity model without short-term depression. In this case, the presynaptically evoked calcium amplitude is C pre in response to all presynaptic spikes. The calcium dynamics simplifies to
Fitting the plasticity models to experimental data
In order to compare plasticity between visual-and somatosensory cortex, we fitted the calcium-based plasticity model with the corresponding short-term depression parameters and without short-term depression to experimental plasticity data obtained from synapses between layer V neurons in the rat visual cortex (Sjöström et al. 2001 ) and between layer V neurons in the rat somatosensory cortex (Markram 1997) . Note that the short-term depression parameters were not optimized during the fit to the long-term plasticity data but kept fixed (see previous paragraph).
The stimulation protocols employed in visual- (Sjöström et al. 2001 ) and in somatosensory cortex (Markram 1997 ) combine spike-timing and firing rate components by varying the presentation frequency of spike-pairs with constant time lag, ∆t. Stimulation patterns are grouped in five pairs of pre-and postsynaptic spikes with long pauses in between in order to allow for full recovery of short-term depression processes between each group of five pairs. Specifically, Sjöström et al. (2001) repeated the bursts of five pre-and postsynaptic spikes 15 times every 10 s, while Markram (1997) repeated the bursts 10 times every 4 s. The time lag between pre-and postsynaptic spikes as well as the presentation frequency of the pairs within the burst were systematically varied in both studies (see experimental data in Fig. 2A) .
We consider the change in synaptic strength as the ratio between the synaptic strength after and before the stimulation protocol w(T )/w 0 , where T marks the end of the stimulation protocol. w 0 = 0.5 in all simulations and calculations. As a consequence, the maximally evoked change remains in the interval [0, 2].
We defined the goodness of fit to the experimental plasticity data by a cost function which is the sum of all squared differences (SSD : sum of squared differences) between data points and the analytical solution for the change in synaptic strength of the calciumbased model. We drew initial parameter values from a uniform distribution and use a downhill Simplex algorithm to search the minimum of the cost function. The fit is repeated > 10 9 times and the parameter set with the lowest cost function is used (shown in Tab. 1). Table 1 : Parameters for short-term and long-term plasticity in visual-and somatosensory cortex. The short-term plasticity parameters shown in the first two lines are obtain from fitting the STD model to visual cortex voltage traces (left column, Fig. 1C in Sjöström et al. 2003) , and are taken from Loebel (2009) for the somatosensory cortex (right column). Long-term plasticity parameters are obtained by fitting the calcium-based model with short-term depression to visual- (Sjöström et al. 2001 ) and somatosensory cortex plasticity data (Markram 1997) . Values in bold were not allowed to be optimized by the fitting routine. The last line give the SSD for all four cases providing a measure of the fit quality.
Irregular spike-pair stimulation
To study changes in synaptic efficacy induced by firing rate and spike correlations under more natural conditions, we use irregular spike-pair stimulation. This stimulation protocol was proposed and extensively studied in Graupner et al. (2016) . In short, irregular spike-pairs were generated using discretely correlated Poisson processes. The presynaptic neuron emitted spikes with Poisson statistics at rate ν pre . Each of these presynaptic spikes induced with probability p a postsynaptic spike with a fixed time lag ∆t. The postsynaptic neuron in addition emits independent spikes with Poisson statistics at a rate ν post − pν pre , so that the total postsynaptic firing rate is ν post . We systematically varied the firing rates with ν pre = ν post , ∆t and p. p effectively controls the strength of spiking correlation between pre-and postsynaptic neuron, with maximal correlation for p = 1 (each presynaptic spike is followed by a postsynaptic one) and independent Poisson firing for p = 0. The stimulation is imposed for a duration of T = 10 s, independently of the firing rate (so that the total number of emitted spikes varies with the firing rate).
To quantitatively compare the influence of firing rates and spike correlations on synaptic changes in irregularly firing neurons, we quantify the sensitivity of synaptic strength to correlations and firing rate changes (Graupner et al. 2016) . These measures give the change in synaptic weight when adding spike correlations to uncorrelated pre-and postsynaptic neurons, or when increasing the firing rate by a certain amount. In short, the synaptic efficacy w(T ) at the end of a stimulation protocol of duration T is a random variable, the value of which depends on the precise realization of the pre-and postsynaptic spike trains, their firing rates and their correlation. The average synaptic efficacȳ w(T ) can be written as
wherew no corr is the average synaptic efficacy attained for uncorrelated pre-and postsynaptic spike trains of rates ν pre and ν post . The quantityw corr represents the additional change in synaptic efficacy induced by correlations between the pre-and postsynaptic spike trains. We callw corr the sensitivity of synaptic strength to correlations. Note that this sensitivity to correlations depends both on the correlation function C(t) between the pre-and postsynaptic spike trains and individual firing rates of the neurons. We compare the sensitivity of synaptic strength to correlations to the sensitivity to firing rates δw no corr , defined as the change between the synaptic strength attained at a given, baseline pre-and postsynaptic firing rate, and the synaptic strength attained by increasing the firing rates by a given amount δν:
Note that this sensitivity depends both on the baseline firing rates ν pre , ν post , and the amount of increase in the firing rates δν.
Results
To study the interplay between short-term-and long-term plasticity, we used numerical simulations and mathematical analysis of a calcium-based plasticity model (Graupner and Brunel 2010; Graupner et al. 2016) . We first extracted synaptic short-term depression dynamics for the respective cortical region from voltage recordings and used these to describe calcium transient dynamics. We then fitted the plasticity model to plasticity results obtained in the visual cortex (Sjöström et al. 2001 ) and the somatosensory cortex (Markram 1997) . Finally, we studied how firing rate and spike-timing shape plasticity in both cortical areas with irregular activity patterns.
Short-term depression strongly affects the calcium trace during bursts of activity
In order to study the interplay between short-term depression (STD) and long-term plasticity, we first extracted the short-term depression dynamics of EPSP amplitudes for visual-and somatosensory cortex. Assuming that the influence of STD on the calcium flux through NMDA receptors and voltage-dependent Ca 2+ channels is linear (see Methods), we applied the same amplitude dynamics to calcium amplitudes elicited by bursts of presynaptic activity. We use a deterministic model of STD which describes the average temporal dynamics of the postsynaptic calcium responses to presynaptic stimulation (see Methods, Eqs. (2), (3)). STD has been characterized for connections betwen L5 pyramidal neurons in the somatosensory cortex (Loebel 2009 ). We fitted the deterministic model to EPSP responses obtained between L5 neurons in visual cortex (Sjöström et al. 2003 , Fig. 1A , see parameters in Tab. 1). Comparing both parameter sets reveals differences betweeen visual and somatosensory cortex STD. More presynaptic resources are utilized in somatosensory cortex upon stimulation (i.e., U vis. ctx. < U somat. ctx ), and the recovery time of these resources is longer in somatosensory cortex (see Tab. 1 and Fig. 1) .
STD dynamics applied to calcium drastically alters the postsynaptic calcium response upon repeated presynaptic stimulation. While calcium transients build up and reach a plateau of attained amplitudes without STD (see gray lines in Fig.1C ), subsequent calcium transients decrease with STD and this difference increases with frequency (see Fig.1C 50 Hz case). Irrespective of responses in visual or somatosensory cortex, the decrease in induced calcium amplitudes due to STD prevents the calcium trace from exceeding the amplitude of the first transient up to high stimulation frequencies (f < 46 Hz for visual cortex; f < 62 Hz for somatosensory cortex). In turn, no plateau is reached and the transients keep decreasing for consecutive stimulations.
Overall, postsynaptic responses to repeated presynaptic stimulation are suppressed stronger in the somatosensory cortex compared to the visual cortex since the fraction of used resources, U , is larger in the somatosensory cortex (Tab. 1, Fig. 1D,E) . Moreover, the depression happens already at low (< 5 Hz) frequencies since the recovery time constant of presynaptic resources is longer in the somatosensory cortex compared to the visual cortex (Fig. 1, Tab. 1) . As a consequence, the calcium amplitude ( Fig. 1D ) and the time spent by the calcium trace above a given threshold (Fig. 1E ) change drastically in the frequency range up to 5 Hz in the somatosensory cortex, while the change occurs for a larger frequency range in the visual cortex.
In summary, the differences in STD lead to a strong suppression of postsynaptic responses at low frequencies in the somatosensory cortex while the same suppression occurs over a larger frequency range in the visual cortex.
Calcium-based model with STD fitted to experimental plasticity data
Plasticity is driven by postsynaptic calcium elevations which is captured by the calciumbased plasticity model, where threshold crossings drive long-term depression and potentiation processes. STD on the other hand leads to a highly dynamics calcium trace with changing amplitudes upon each stimulation and furthermore prevents considerable build-up of calcium even at relatively high presynaptic stimulation frequencies (Fig. 1) . Here we ask whether the calcium-based plasticity model with STD can capture the experimental plasticity data obtained by combining spike-timing and frequency stimulation.
Pre-and postsynaptic spikes with delay ∆t presented in bursts of five pairs at varying frequencies has been shown to induce LTP for pre-post spike-pairs (∆t = 10 ms) for frequencies ≥ 10 Hz in visual-and somatosensory cortices. in the visual cortex ( Fig. 2A,B) . The postsynaptic response to spike-pairs presented in bursts is subjected to STD. We therefore implemented STD dynamics in the calcium driving the plasticity changes in the model and fitted the long-term plasticity model parameters to plasticity data obtained in visual-and somatosensory cortices. The parameters describing the STD dynamics are specific for each cortical region considered and are kept constant during that fit (see Tab. 1).
We find that the calcium-based plasticity model with STD of the calcium dynamics captures the experimental data of visual-and somatosensory cortex ( Fig. 2A,B) . In particular, the model retains the frequency dependence of plasticity for both, pre-post and post-pre pairs despite the strong frequency-dependent suppression of presynaptically evoked calcium amplitudes. The fit of the calcium-based model yields STDP curves which are dominated by depression for low pair presentation frequencies (Fig. 2C,D) . Intermediate frequencies yield curves with depression for ∆t < 0 ms and potentiation for ∆t > 0 ms, whereby intermediate frequencies implies f ≈ 20 Hz in visual cortex and f ≈ 10 Hz in somatosensory cortex.
Due to STD, we find a non-monotonic behavior of LTD and LTP with respect to the stimulation frequency. The model predicts weak LTP for very low presentation frequencies of pre-post (∆t = 10 ms) pairs ( Fig. 2A,B ). This LTP vanishes at frequencies around 5 Hz and re-emerges at higher rates, a behavior which is due to STD-induced reduction in presynaptically evoked calcium and not seen in the model variant without STD (see Fig. 5A,B) . Not LTP but no change has been measured in visual cortex at 0.1 Hz where the sparse data points hint to a monotonic increase of LTP ( Fig. 2A) . Such low stimulation frequencies were not investigated in somatosensory cortex (Fig. 2B) .
Two particular features of somatosensory plasticity stand out : (i) the rapid transition from LTD to LTP for post-pre pairs (∆t = −10 ms) between 8 and 15 Hz, (ii) and loss of distinction between pre-post and post-pre pair induced plasticity at ∼ 14 Hz. In contrast for the visual cortex, LTD is induced for post-pre (∆t = −10 ms) stimulation from 0.1 up to about 25 Hz and the difference between pre-post and post-pre stimulation vanishes at 30 Hz stimulation. Comparing these frequencies indicates that the range of different plasticity results for pre-post and post-pre stimulation is restricted to lower frequencies in the somatosensory-compared to the visual cortex.
The calcium traces for 10 and 20 Hz regular spike-pair stimulation in both structures ( Fig. 2E,F) demonstrate the two factors responsible for the rapid transition from LTD to LTP in somatosensory cortex : (i) The difference between depression and potentiation threshold is small such that the LTP threshold is crossed and LTP is induced as soon as the calcium trace starts to accumulate for increasing frequencies (θ d = 1, θ p = 1.2 in somatosensory ctx.; θ d = 1, θ p = 1.5343 in visual ctx.). (ii) The calcium decay time constant, τ Ca , is such that consecutive calcium transients start to accumulate between 10 and 20 Hz stimulation (τ Ca = 55.6 ms for somatosensory and 39.7 ms for visual cortex; see Tab. 1). In the visual cortex, the difference between both thresholds is larger and the calcium decay time constant is faster (see Tab. 1). As a result, 10 and 20 Hz stimulation dominantly activate depression leading to LTD for both cases.
Calcium responses to presynaptic stimulation suppress stronger in the somatosensory cortex (see Fig. 1 ). In turn, any difference in the calcium trace between pre-post and post-pre stimulation disappears at lower stimulation frequencies in the somatosensorycompared to the visual cortex. This fact explains why the distinction in induced plasticity between pre-post and post-pre stimulation disappears at low stimulation frequencies in the somatosensory cortex. In other words, if the calcium traces for ∆t = −10 ms and +10 ms are alike, the times spent above potentiation and depression thresholds and therefore the induced plasticity are identical. This becomes furthermore apparent in the fit of the model variant without STD to the somatosensory plasticity data. Here, the difference in induced plasticity for pre-post vs. post-pre pairs is retained for frequencies up to ∼ 30 Hz (see Fig. 5B ).
In summary, the spike-timing-and frequency dependence of synaptic plasticity can be captured by the calcium-based model endowed with STD dynamics in the calcium. In particular, the model resolves the experimentally measured difference between pre-post and post-pre spike-pair stimulation.
Irregular spike-pair presentations strongly reduces the impact of spike-timing on synaptic plasticity
Spike-pairs in the plasticity experiments considered above were presented in a regular fashion, that is, with fixed inter-pair intervals. In a step towards more natural, irregular firing patterns, we use the previously suggested protocol of Poisson-distributed spikepairs (Graupner et al. 2016) , where the presynaptic neurons fire spikes according to a Poisson process but each spike is followed by a postsynaptic spike at time lag ∆t which probability p.
A simple shift from regular pre-and postsynaptic spike-pairs to spike-pairs with the same timing constraints but irregular distribution has a strong impact on STDP curves (Fig. 3) . At all frequencies, the change in synaptic strength is dominated by LTP, while the LTD part of the curves is strongly reduced or even disappears for plasticity in the visual cortex (Fig. 3A) . Strikingly, the range of plasticity values obtained when varying the time lag between pre-and postsynaptic spikes, ∆t, is much reduced for irregular spike pairs. Irregular presentation of spike-pairs strongly reduced the impact of spike-timing on synaptic changes, as previously noted (Graupner et al. 2016 ). This effect still holds true when STD is present in the calcium dynamics.
Synaptic changes occur at very different firing rate ranges across cortices
Lastly, we studied how synaptic changes in response to firing rate increases compare with changes from correlations and ask in particular in which firing rate range plasticity is most sensitive to both changes.
In visual-and somatosensory cortex, when increasing the uncorrelated firing rate in pre-and postsynaptic neurons, the change in synaptic strength follows a BCM-type of curve (Bienenstock et al. 1982) : no change when both neurons are inactive, depression at low rates and potentiation at intermediate to high firing rates. Markram 1997) . Same depiction as in Fig. 2 . The red and blue lines show the model without STD fitted to the data, while the gray lines are a reproduction from Fig. 2A ,B of the model with STD. (C, D) Change in synaptic strength in response to irregular pre-and post activity as a function of the firing rate for several values of the correlation coefficient p and one time lag ∆t in visual-(C) and somatosensory cortex (D). Two cases are shown for the model without STD : (i) uncorrelated Poisson spike trains (p = 0, black) and (ii) pre-post pairs with ∆ = 10 ms at p = 0.4 (red). These two cases are also shown for the model with STD : (i) uncorrelated Poisson spike trains shown in green, and (ii) pre-post pairs with ∆ = 10 ms at p = 0.4 shown in gray. (E, F) Sensitivity of synaptic changes to spike-pair correlations in visual-(E) and somatosensory cortex (F). The change in synaptic strength due to spike-timing correlations is shown as a function of the firing rate for the model without STD (red) and with STD (gray; same line as in Fig. 4C,D) . Prevalent firing rate ranges in visual (< 25 spk/s; Livingstone and Hubel 1981) and somatosensory cortex (< 8 spk/s; Crochet and Petersen 2006) are marked by gray shaded regions in panels C-F. Note the different firing rate ranges shown on the x-axis between the left and the right column of panels C-F. All changes in panels C-F are in response to a stimulation for 10 s.
Adding pre-post correlations (∆t > 0 ms) increases the change in synaptic strength at low firing rates (i.e. < 25 spk/s in visual cortex and < 8 spk/s in somatosensory cortex; Fig. 4C,D) . Post-pre correlations entail little change compared to uncorrelated pre-and postsynaptic activity (see blue lines in Fig. 4C,D) .
Even though the qualitative plasticity behavior is very similar between visual-and somatosensory cortex, that is, the sensitivity to firing rate and correlations exhibits the same overall behavior, the synaptic changes occur in very different firing rate ranges. Synaptic plasticity is most sensitive to changes in firing rate and correlations for rates up to ∼ 15 spk/s in the visual cortex, while the same amplitudes of sensitivities extends only up to ∼ 5 spk/s in the somatosensory cortex (Fig. 4) . In other words, changes due to activity alterations are induced at much lower firing rates in the somatosensory cortex compared to the visual cortex. Similarly to the difference in the sensitive ranges of plasticity, the prevalent firing rates in the visual-and somatosensory cortex are very different : while neurons in the visual cortex in vivo reach activities up to 25 spk/s (Livingstone and Hubel 1981) , they fire up to 8 spk/s in the somatosensory cortex in vivo (Crochet and Petersen 2006 ) (see gray shaded regions in Fig. 4) .
Where does this difference in sensitive ranges between somatosensory-and visual cortex come from? As discussed above, the rapid transition from LTD to LTP in the somatosensory cortex emerges from the short extend of the LTD region, that is, the small difference between depression and potentiation thresholds (see Tab. 1). This difference is larger in the visual cortex which in turn gives rise to a slower transition to maximal LTP upon firing rate increases. The dissimilar sensitivities to firing rate changes between visual-and somatosensory cortex are the result of this difference in potentiation thresholds.
Comparing model variants with and without STD fitted to the experimental data ( Fig. 5) illustrates that STD in the somatosensory cortex is responsible for restricting the correlation sensitivity to low firing rates < 5 spk/s. The somatosensory model variant without STD exhibits sensitivity to correlations up to ∼ 20 spk/s which goes well beyond the prevalent firing rates in that region (see Fig. 5F ). With STD and as outlined above, the stronger suppression of presynaptically evoked calcium traces in the somatosensory cortex as compared to the visual cortex explains the disappearance of correlation sensitivity at low firing rates.
In summary, there is a perfect match between the predominant firing rates and the sensitive ranges of the synaptic plasticity in visual-and somatosensory cortex. Synaptic long-and short-term plasticity are tuned such that LTD and LTP occur at realistic firing rate ranges in both cortices.
Discussion
Using numerical simulations, we have explored the impact of short-term depression on long-term plasticity induction in visual-and somatosensory cortices. We fitted the calcium-based plasticity model to spike-pair-and frequency plasticity data in both structures and showed that the experimental data can be captured despite the activity-dependent reduction in presynaptically induced calcium transients during the burst stimulation. When examining plasticity in response to more in vivo-like, irregular stimulation patterns, we show that short-term and long-term plasticity parameters ensure that synaptic changes are susceptible to rate and correlation changes within the prevalent firing rates in both cortical areas, which are markedly different. Our findings suggest that long-and short-term synaptic plasticity are together tuned to account in combination for the activity properties of the synapse's location.
Long-term plasticity alters and short-term plasticity dynamics
The induction of long-term plasticity is known to alter the short-term plasticity due to the presynaptic expression of the long-term changes (Sjöström et al. 2003) . LTD induction, for example, reduces short-term depression due to a reduction in transmitter release. Here we use short-term plasticity parameters fitted to baseline responses between layer V pyramidal cells, that is, before long-term plasticity induction. This approach is justified as there is a clear separation of time scales, LTD/LTP induction protocols last for a few minutes : 2.5 min in visual cortex (Sjöström et al. 2001 ) and 40 s in somatosensory cortex (Markram 1997 ) while the expression of long-term changes builds up over the course of tens of minutes (Sjöström et al. 2003) .
Stochastic vesicle release
The deterministic short-term plasticity model utilized here is fitted to average postsynaptic responses. However, transmitter release is a stochastic process and as a consequence the magnitude of the postsynaptic response evoked by each presynaptic action potential fluctuates, even with the same preceeding activity pattern. The quantal nature of synaptic transmission is described by binomial statistics (Zucker and Regehr 2002; Loebel 2009 ). In turn, stochastic synaptic short-term plasticity parameters not only describe the change in the average response, but also the magnitude of fluctuations of individual responses. The variability of calcium responses impacts the induction of longterm plasticity in protocols repeating the same stimulation pattern multiple times (10 to 15 times as used here). Whether experimental plasticity data can be captured under such conditions and how stochastictiy affects firing rate and correlation sensitivities is the subject of future research.
Validity of the results in vivo
Long-term plasticity in slices has been induced with elevated extracellular calcium concentrations while in vivo calcium levels are estimated to be around 1.5 mM (Silver 1990 ). Considering realistic calcium levels will most likely change the plasticity rules observed in vitro under elevated extracellular calcium (Higgins et al. 2014 ) and has to be considered when applying our results to in vivo data. Most of the data on short-term plasticity stems from brain slices but a recent study established STD to be involved in the adaptation to sensory responses in the somatosensory cortex in vivo (Chung et al. 2002 ).
Generality of model results
The deterministic short-term depression model utilized here has been fitted to evoked voltage responses between layer V neurons in somatosensory-and visual cortex. The two parameter sets describing STD dynamics are well constrained by these traces and provide a reliable account of the mean postsynaptic response, which is used for the calcium dynamics description here. Conversely, the calcium-based long-term plasticity model (7 or 8 free parameters) is insufficiently constrained by the 10 and 7 LTP/LTD datapoints from visual-and somatosensory cortex ( Fig. 2A,B ). The particular shape of the STDP curves is subject to this uncertainty. However, the frequency dependence of the plasticity is dominantly dictated by the calcium time constant, τ Ca , which describes the interaction time scale between consecutive spikes. This parameter is well constrained by the regular plasticity data, and in turn, the main conclusions drawn here which concern the behavior of the model for interactions between consecutive stimuli are robust.
Conclusion
By including short-term plasticity effects in a calcium-based model of long-term plasticity, we aimed here to link the different time scales at which synapses modify their strength. Both, short-term and long-term plasticity influence each other and we suggest that this interaction might be region and synapse specific. Cortical cells have a large repertoire to adapt their responses to activity-or stimulus statistics on a range of time scales such as spike-frequency adaption on the millisecond scale (Benda and Herz 2003) , or homeostatic plasticity on the scale of hours (Turrigiano and Nelson 2004) . Our results lend support to the idea that these mechanisms might act in a concerted fashion and that their dynamics ranges are well adjusted.
